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ABSTRACT
Detection of fatigue cracks originating from fastener holes is an important application for structural health monitoring (SHM) of civil, mechanical and aerospace structures, but their detection via ultrasonic guided waves can be problematic when cracks are tightly closed in the absence of applied tensile loads. Proposed here are load-differential guided wave methods, which compare signals at one load to those at another load at the same damage state. The main advantage of such methods is that cracks can be detected and localized by analyzing current signals obtained from different loading conditions without using baseline data from the damage-free state. The efficacy of the proposed load-differential methods is examined using fatigue test data where multiple cracks grow from a single through-hole. Data were acquired with a spatially distributed array of piezoelectric discs by recording ultrasonic signals as a function of applied uniaxial load at intervals through the fatigue test. 
INTRODUCTION
Guided waves (e.g., Lamb waves) have been considered for many SHM applications because of their ability to travel long distances and maintain sensitivity to damage [1] . One conventional approach to detect damage is to compare in situ signals to baselines recorded from the undamaged structure. By comparing current signals to damage-free baselines, signal changes caused by structural damage can be tracked [2, 3] . Such methods can handle some structural complexity, but have unwanted sensitivity to variations in environmental and operational conditions (e.g., temperatures and loads), which can cause high false alarm rates. On the other hand, baseline-free methods analyze current signals without comparison to damage-free baselines; such methods are inherently less sensitive to environmental and operational variations.
In this paper, we consider varying applied tensile static loads such as arise during normal operation of a structure. The effects of such loads on propagation of both bulk and guided ultrasonic waves in homogeneous media are generally well understood [4, 5] . Even though the effects of applied loads may be unavoidable in the in situ environment and significantly affect the ultrasonic signals by changing both structural dimensions and wave speeds [6] , applied loads can also improve damage detectability when the tensile load is large enough to open a tight crack. Here, we propose load differential imaging, which generates a series of images from differences in sparse array signals caused by small static loading variations. The efficacy of the proposed method in detecting and locating fatigue cracks is demonstrated from fatigue tests of an aluminum plate having six surface-bonded piezoelectric discs.
DATA ANALYSIS
Data analysis is a two-step process consisting of chirp filtering followed by imaging. Both steps are described here.
Chirp Filtering
The theory of the chirp filtering is presented in detail in our previous work [7] and is reviewed here. Lamb waves in a plate may be generated by a linear chirp source, s c (t), where the frequency is swept from a minimum value to a maximum value over a fixed time interval. The Fourier transform of s c (t) is S c (ω), where ω is the angular frequency. Let h(t) be the impulse response associated with specific transmitter and receiver locations, which includes both the structural response (Green's function) and all transducer and instrumentation effects. Note that H(ω) is the Fourier transform of h(t). Since the system is assumed to be linear, the response to the chirp excitation can be expressed in the frequency domain as,
Now consider a different excitation, such as a tone burst, given by s d (t). In the frequency domain we have,
The response to the signal s d (t) can be readily calculated from the measured chirp response by division in the frequency domain,
The filter G(ω) can be readily constructed from the known Fourier transforms of the chirp excitation and the desired excitation when the bandwidth of the desired excitation is within that of the chirp excitation. Finally, R d (ω) is transformed back to the time domain to obtain the tone burst response signal.
Imaging Method
The imaging method used here is based upon the signal changes between two measurements, and is thus a differential method. Consider sets of signals recorded from all possible pairs of a sparse array under two different conditions. For example, the different conditions may be damage state, as is typical, or loads, as is considered here. For convenience, we refer to the first set as baseline signals and to the second set as current signals; note that the term "baseline" does not necessarily mean "damage-free." A set of residual signals is calculated by subtracting the baseline signals from the current signals. These residual signals are analyzed via delay-and-sum imaging whereby they are back propagated and summed at each pixel location using an appropriate delay law [3] , and the pixel intensity is computed as the square of the summed values:
In this equation s ij (t) is the residual signal from transducer pair i j;, and t ij is the delay time that corresponds to the time of propagation from the transmitter to the pixel location to the receiver. If the ith transducer (the transmitter) is located at (x i ,y i ), the jth transducer (the receiver) is located at (x j ,y j ), and the pixel location is (x,y), then t ij is,
where c g is the group velocity. Although the residual signal in Eq. (4) can be either the raw (RF) signal, or the envelope-detected (rectified) signal, here we consider only the envelope-detected signals. The group velocity is estimated from the times of the first arrivals from all transducer pairs.
EXPERIMENTS Experimental Setup
An aluminum plate specimen was instrumented with an array of six piezoelectric discs and subjected to cyclic loading to investigate loading effects on guided wave propagation. A 6061 aluminum plate of 305 mm × 610 mm × 3.18 mm was machined to enable mounting in an MTS machine as shown in Figure 1 . The transducers were fabricated from 7 mm diameter, 300 kHz, radial mode PZT discs that were attached to the plate with epoxy and further protected with a backing of bubble-filled epoxy. An arbitrary waveform generator applied a ±10 V, 50−500 kHz linear chirp excitation to the transducers, and signals were digitized with a 20 MHz sampling rate and a 14-bit resolution. Twenty waveforms were averaged for each acquisition to improve the signal-to-noise ratio. Using Eq. (3), the signals measured from the chirp excitation were filtered to obtain the equivalent responses to a 5-cycle tone burst excitation at 100 kHz, where the A 0 guided wave mode was dominant.
The specimen was fatigued with a 3 Hz sinusoidal tension-tension loading profile from 16.5 to 165 MPa. Fatiguing was periodically paused to record ultrasonic data as a function of applied tensile load from 0 MPa to 115 MPa in steps of 11.5 MPa, resulting in a total of 11 static loading conditions for each data set. After the first dataset was recorded from the pristine plate (i.e. before fatiguing), a 5.1 mm diameter through hole was drilled in the center of the specimen. A small starter notch was subsequently made on one side of the hole to act as a site for initiation of a fatigue crack. Data were recorded as summarized in Figure 2 , where crack lengths were measured with a scale under an applied load. Fatiguing was continued until the largest crack reached about 25 mm in length.
Load-Differential Signals
Here, we consider the effects of applied loads on recorded signals and not using any previously obtained "damage-free" baseline signals. Figure 3(a) shows signals from transducer pair 2-5 (i.e., transmitting on 2 and receiving on 5) as a function of load when the specimen is pristine (i.e. no damage/hole/notch). The shape of the signals does not change significantly with load. To more clearly see signal changes with load, Figure 3(b) shows differential signals where each signal is the difference of two signals recorded at adjacent loads (e.g., 40% minus 30%). As expected, when there is no damage, all the signals are similar and the corresponding differential signals are similar as well even though the applied loads increase. Even when there are fatigue cracks, the raw signals look similar as shown in Figure 3(c) . However, Figure 3 (d) clearly shows that there is an initial large change in the first arrival of the first differential signal as the crack on one side of the hole opens up and blocks the direct wave. At about 70% load (the 7 th differential signal from the bottom), it appears that the crack on the other side of the hole opens up. 
Impacts of Loads on Damage-Free Baseline Imaging
Here, the effects of loads on imaging using damage-free baselines are examined by generating several images from various loading conditions. The previously described imaging method is applied by comparing current signals to damage-free baselines. Four different images were obtained and analyzed by comparing datasets 3 (baseline signals) and 7 (current signals) where the primary difference between these two datasets is a single fatigue crack that is about 5 mm in length. Figures 4(a) and (b) show the resulting images from two mismatched loading cases. The fatigue crack cannot be detected and localized effectively from these images because Figure 4 
Load-differential Imaging
The results of the previous section motivate a new approach to imaging of fatigue cracks referred to as the load-differential imaging method. In this method the "baseline signals" are recorded at one load, and the "current signals" are recorded at the same damage state but at a slightly increased tensile load (10% increment of the maximum load in this study). The difference between the signals is thus caused by a combination of crack opening effects and loading effects for certain loading combinations. Figure 5 shows two series of ten load-differential images from datasets 1 and 10 to validate this idea. The difference in loads is 11.5 MPa for each image, and the baseline loads start at 0 MPa and increment by 11.5 MPa. Figure 5 (a) only shows image artifacts around the edges, but Figure 5 (b) clearly indicates the possible existence of the fatigue cracks from most of the images. In particular, Figure 6 (a), which is the first loaddifferential image of dataset 10, shows the existence of one fatigue crack on the left side of the hole and Figure 6(b) , which is the seventh load-differential image of dataset 10, shows the existence of the second crack on the right side of the hole. These results indicate that the proposed load-differential imaging method has the potential to detect multiple cracks from the load-dependent behavior of crack opening.
CONCLUSIONS
This study has proposed and demonstrated a load-differential imaging method for detecting and locating fatigue cracks via guided waves. The measured ultrasonic signals show that an applied tensile load can open a crack, where the loading amplitude depends on its size. The images generated from the load-differential signals clearly show the initiation and progression of fatigue crack growth without using any previously obtained damage-free baseline signals. Also, load-differential imaging has the potential for imaging multiple cracks that have different load responses. Discrimination of fatigue cracks from other load-induced effects such as fastener contact variations should be a topic of future work that considers more complex structures.
